Identifying the source of Earth's water is central to understanding the origins of life-fostering environments and to assessing the prevalence of such environments in space. Water throughout the solar system exhibits deuterium-tohydrogen enrichments, a fossil relic of low-temperature, ion-derived chemistry within either (i) the parent molecular cloud or (ii) the solar nebula protoplanetary disk. Utilizing a comprehensive treatment of disk ionization, we find that ion-driven deuterium pathways are inefficient, curtailing the disk's deuterated water formation and its viability as the sole source for the solar system's water.
terstellar chemical record is erased by reprocessing during the formation of the disk (15, 16) .
Owing to its high binding energy to grain surfaces, theoretical models predict that water is delivered from the dense molecular cloud to the disk primarily as ice with some fraction sublimated at the accretion shock in the inner tens of astronomical units (AU) (15) . If a substantial fraction of the interstellar water is thermally reprocessed, the interstellar deuterated record could then be erased. In this instance, the disk is left as primary source for (re-)creating the deuteriumenriched water present throughout our solar system.
The key ingredients necessary to form water with high D/H are cold temperatures, oxygen, and a molecular hydrogen (H 2 ) ionization source. The two primary chemical pathways for making deuterated water are: (i) gas-phase ion-neutral reactions primarily through H 2 D + , and
(ii) grain-surface formation (ices) from ionization-generated hydrogen and deuterium atoms from H 2 . Both reaction pathways depend critically on the formation of H 2 D + . In particular, the gas-phase channel (i) involves the reaction of H 2 D + ions with atomic oxygen or OH through a sequence of steps to form H 2 DO + , which recombines to form a water molecule.
The grain-surface channel (ii) is powered by H 2 D + recombination with electrons or grains, which liberates hydrogen and deuterium atoms that react with oxygen atoms on cold dust grains. H 2 D + becomes enriched relative to H + 3 due to the deuterated-isotopologue being energetically favored at low temperatures. There is an energy barrier ∆E 1 to return to H + 3 , i.e., H + 3 + HD ⇋ H 2 D + + H 2 + ∆E 1 , where ∆E 1 ∼ 124 K, though the precise value depends upon the nuclear spin of the reactants and products (17) . The relatively modest value of ∆E 1 restricts deuterium enrichments in H 3 + to the coldest gas, T 50 K. Thus, deuterium-enriched water formation requires the right mix of environmental conditions: cold gas, gas-phase oxygen and ionization.
The conditions in the dense interstellar medium, i.e., the cloud core, readily satisfy these requirements, where temperatures are typically T ∼ 10 K and ionization is provided via galactic cosmic rays (GCRs). In this regard, the conditions in the core and in the outermost regions of the solar nebula are often thought of as analogous (18) . This is because the outskirts of protoplanetary disks typically contain the coldest (T 30 K), lowest density gas, and are often assumed to be fully permeated by GCRs. However, the efficacy of GCRs as ionizing sources in protoplanetary disks has been called into question due to the deflection of GCRs by the stellar winds produced by young stars (19) . Even the mild, modern-day solar wind reduces the GCR ionization rate, ζ GCR , by a factor of ∼ 100 below that of the unshielded ISM. Limits on protoplanetary disks' molecular ion emission indicate low GCR ionization rates, ζ GCR ≤ 3 × 10 −17 s −1 (20) . In the absence of GCRs, disk midplane ionization is instead provided by scattered X-ray photons from the central star and the decay of short-lived radionuclides (SLRs), where the latter's influence decreases with time (21) . In addition, the core-disk analogy breaks down with regard to gas density. At the outermost radius of the protosolar gaseous disk, R out ∼ 50 − 80 AU (17) , the typical disk density is n ∼ 10 10 cm −3 . This value is approximately five orders-of-magnitude higher than typical values within the interstellar molecular core (22) .
The steady state ion abundance is proportional to ζ/n, where ζ is the ionization rate and n is the volumetric gas (hydrogen) density. For a constant ionization rate, a density increase of 10 5 corresponds to χ i being a factor of ∼ 300 below that expected in the ISM. Thus, wind or magnetically driven deflection of ionizing GCRs, coupled with high gas densities will strongly inhibit the disk from generating deuterium enrichments through the standard cold chemical reactions (i) and (ii), described above.
To test the disk hypothesis, we explore whether ionization-driven chemistry within the disk alone is capable of producing the deuterium-enriched water that was present in the early solar system. We have constructed a comprehensive model of disk ionization, including detailed radiative transfer, reduced GCR ionization and SLR decay. To simulate the "reset" scenario,
i.e., all interstellar deuterium enhancement is initially lost, we start with unenriched water with (23) , and quantify the maximum amount of deuterated water produced by chemical processes in a static protoplanetary disk over 1 Myr of evolution. The goal is to determine whether or not the conditions present in the solar nebula were capable of producing at minimum the measured isotopically enriched water in meteorites, ocean water (VSMOW), and comets (see Fig. 1 ). We do not attempt to address the eventual fate of this water by additional processing, i.e., by radial or vertical mixing, which tends to reduce the bulk D/H ratio in water (24, 25).
Instead, our emphasis is on the physical mechanism necessary for D/H enrichment: ionization. We illustrate the suite of ionization processes considered in the traditional picture of disk ionization ( Fig. 2a) alongside a schematic for our new model (Fig. 2b ). More specifically, we include "solar-maximum" levels of GCR wind-modulation for the incident GCR rate, a factor of ∼ 300 below that of the ISM, Monte Carlo propagation of X-ray photoabsorption and scattering, and ionization by SLR decay products, including losses in the low density (Σ gas 10 g cm −2 )
regions of the disk (17) . The total H 2 ionization rate is shown in Figures 2c and 2d . It can be seen that while the warm surface layers (Σ gas 1 g cm −2 ) are strongly ionized by stellar X-rays, ζ XR 10 −15 s −1 , the midplane is comparatively devoid of ionization due to the modulation of incident GCRs (Fig. 2d ).
To compute molecular abundances, we compile a simplified deuterium reaction network designed to robustly predict the D/H in water resulting from gas-phase and grain-surface chemistry (17) . We include both ion-neutral and the hot-phase neutral-neutral water chemistry (26), as well as self-shielding by HD and D 2 , in addition to the standard chemical network (17) . We include an updated treatment of the inherently surface-dependent CO freeze-out process motivated by new laboratory data on CO ice binding energies (17) . CO freeze-out is important for the present study as CO regulates the amount of oxygen present in gas above T > 17 K and available for new water formation. We place the majority of volatile carbon in CO and the rest of the oxygen not in CO in water ice (15) (see Supplementary Materials for additional runs (17) ). We examine the final D/H of water ice after 1 Myr of chemical evolution, i.e., the approximate lifetime of the gas-rich disk and, correspondingly, the duration over which the disk is able to build up deuterated water (see Fig. 3 ). The ions are most abundant in the upper, X-ray-dominated surface layers, whose temperatures are too warm for significant deuterium
. The bulk ice mass is closest to the cold midplane, where only a meager amount (per unit volume) of H + 3 and H 2 D + remain in the gas, a consequence of low ionization rates and high densities.
In addition to spatial abundances, we provide ratios of the vertically integrated column densities of both ions and ices (Fig. 3, bottom) . ; however, the water is considerably less enriched than the ions. Over the lifetime of the disk, the gas-phase and grain-surface chemical pathways do not produce deuterated water ices in significant quantities. The low water production is due to a combination of (i) a lack of sufficient ionization to maintain significant amounts of H 2 D + in the gas, and (ii) a lack of atomic oxygen in the gas, locked up in ices. We do find a super-deuterated layer of water at Fig. 3 ).
In summary, using a detailed physical ionization model, updated treatment of oxygenbearing (CO) ice chemistry, and a simplified deuterium chemical network, we find that chemical processes in disks are not efficient at producing significant levels of highly deuterated water. in the vertical direction transports highly deuterium-enriched ices from the shielded midplane into the X-ray and UV irradiated warm surface layers (28, 29) where they can be reprocessed to lower D/H. Ices transported radially inward, either entrained by gas accretion or subjected to radial migration, evaporate in the warm and dense inner disk and isotopically reequilibrate with H 2 or ion-neutral chemistry in hot (T > 100 K) gas. With our updated disk ionization model, we can now exclude chemical processes within the disk as an enrichment source term and conclude that the solar nebula accreted and retained some amount of pristine interstellar ices. One potential explanation is that during the formation of the disk, there was an early high temperature episode followed by continued infall from deuterium-enriched interstellar ices (16) . If we ignore the negligible contribution to deuterated water formation from the disk, we can estimate the fraction of water in a particular solar system body, X, that is pre-
for low-mass protostars, i.e., analogs to the Sun's formation environment (14) . If the former, higher value reflects the ices accreted by the solar nebular disk, then at the very least, terrestrial oceans and comets should contain 7% and Table S4 . 
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Materials and Methods
Physical Model
The disk physical structure is based upon a previously published model of a dust-settled disk (19) with typical geometric and settling structural parameters reflecting a sample of modeled dust continuum observations (30). The model has been truncated from its original outer radius of R = 400 AU to have an outer radius of R = 80 AU, which reflects the maximal radius of the protosolar disk as determined from dynamical models of the lack of planetesimals on high inclination orbits (31). This corresponds to a modified disk gas mass of M gas = 0.008 M ⊙ from its original value of M gas = 0.039 M ⊙ , which is still above the total mass in the Solar System's planets (0.002 M ⊙ ) but slightly less than the classical minimum mass solar nebula (MMSN), derived from integrating an assumed gas surface density profile, M MMSN = 0.01 M ⊙ (32). If the disk is more radially compact, e.g., R ∼ 30 − 50 AU (31, 33, 34), the disk integrated D/H ratio would be lower as a direct consequence of removing mass where the gas is coldest. In this instance, disk chemical processes, as determined by our model, could provide up to < 1% of D/H in VSMOW for an outer disk radius of R = 50 AU.
We emphasize that we have not attempted to recreate a classical MMSN model but have opted instead to utilize a generic model based upon observations of protoplanetary disks in situ.
Two important points regarding the model are as follows. First, the choice of a dust-settled model, chosen based upon the observational inference of a reduction of small grains from the upper layers of planet-forming disks (35), results in the disk being more permeable to X-rays, which are scattered by gas and dust, and thus the model adopted at present is more favorable towards deuterium fractionation than a well-mixed (uniform gas-to-dust ratio) disk model. Second, because the mass of the disk is slightly lower than the typical MMSN, the average gas density would also be slightly lower than a MMSN model. Thus ion-recombination is proportionally less efficient in a lower mass model, making for a higher steady state abundance of ions present for fractionation. Both of these effects would lead to our fiducial model predicting higher D/H ratios than expected, and therefore our D/H results are likely to be upper limits, i.e., the total fractionation of water in the disk may be lower, and consequently requiring more water to be interstellar in nature. To test the latter scenario, we re-ran all of our chemical models (described in detail below) with a factor of ten reduction in density and all other parameters held constant. There was no significant change in the abundances relative to hydrogen calculated for the low-density model and so the net effect of the disk mass on the chemical results is small.
The dust temperatures are calculated using the radiative transfer code TORUS (19, (36) (37) (38) (39) where we have assumed stellar parameters typical of the Sun at 1 − 3 Myr as described in the main text. The gas temperatures are computed using a fitting function relating the local strength of the FUV field and disk gas density (40). The stellar FUV and X-ray radiative transfer is calculated using a 2D Monte Carlo treatment (41, 42). For the FUV radiation field we include absorption and scattering from dust in the continuum calculation, as well as resonant scattering off atomic hydrogen for Lyman-α propagation (41). The X-ray treatment includes both photoabsorption and scattering by dust grains and gas (42) , which is essential as scattered X-ray photons provide the baseline midplane ionization in the absence of cosmic rays and radionuclide decay. The physical model and radiation fields are shown in Fig. S4 .
Non-Stellar Ionization Processes
In addition to X-ray photoionization, our model includes non-stellar ionization from external galactic cosmic rays (GCR) and internal short-lived radionuclide decay. In the Solar System, the solar wind is observed to efficiently modulate the GCR flux within a region known as the Heliosphere, especially at low GCR energies. The net result is over a factor of 10 reduction in the GCR ionization rate under present day solar minimum conditions. T Tauri stars likewise drive stellar and disk winds, and thus it would not be unexpected for this mechanism to operate at equal or perhaps higher efficiency in the circumstellar environment of a T Tauri star. The GCR ionization rate present in a disk has not yet been directly measured, but limits on the GCR ionization rate from H 2 D + non-detections indicate that the GCR rate is sub-interstellar (20) .
Because the ionization rate is unknown in the young circumstellar environment, we assume an unattenuated GCR ionization rate of ζ GCR = 2 × 10 −19 s −1 , commensurate with the GCR rate under modern day solar maximum conditions (19) . From the specific solar maximum GCR spectrum we self-consistently vertically propagate GCR protons, including energy dependent losses through the gas disk, thus providing a comprehensive treatment of GCR ionization under the influence of wind modulation. We emphasize that the GCR rate may be lower if winds are even more efficient at excluding cosmic rays from the natal environment, and thus deuterium fractionation powered by GCR ionization may be further hindered.
Within the disk, near the geometrical midplane, contributions from the decay of radioactive particles become another important source of ionization, especially under the instance of GCR modulation. The decay products, primarily γ-rays, positrons and electrons, originate from the decay of 26 Al, 36 Cl and 60 Fe embedded in the refractory (dust) component. For pebbles less than a gr ≤ 1 cm in size, the decay products can escape the pre-planetesimal prior to losing all of there energy (43) . In the present model, we have included grain-growth up to a gr = 1 mm in the dust opacities, and thus we assume that all decay products escape the dust particles and are available for ionization, and the SLR abundances are taken to be the initial abundances present in the protosolar nebula (44) . Depending on location in the disk and the type of decay product considered, particles can be lost from the gas disk prior to losing all energy to ion- and energetic MeV photons (Σ ∼ 12 g cm −2 ), which are each trapped at different disk surface densities and thus different radial locations in the disk. Thus treatment of the losses of the ra-dionuclide decay products is important in a complete picture of disk ionization, especially in the outer (R > 30 AU) disk. Furthermore, because our disk is settled, i.e., the dust and gas are no longer uniformly distributed, we calculate the vertical and radial position-dependent decay product losses, treating each decay product individually with regards to the relevant energy loss mechanism (44) . We note that if decay products are either trapped within dust particles or if the abundance of SLRs is lower than the protosolar value, the corresponding ionization rate due SLR decay would also be lower, further hindering D-fractionation. In Fig. 2 we show both the standard, fully present GCR ionization structure (left) next to our fiducial ionization model adopted in the main text (right), incorporating a mildly wind-excluded incident GCR ionization rate and detailed radionuclide transfer through the gas and dust disk, as described above.
Chemical Reaction Network
We calculate time-dependent chemical abundances as a function of position throughout the disk utilizing a comprehensive disk chemistry code (19, 45) . There is one important exception in reaction set (i) regarding H 2 D + + H 2 , where we take into account the ortho-and para-spins of both reactants (54) . The ortho-and para-forms are not treated as distinct species but we instead assume that they are present with a thermal abundance ratio following (55) . Including the spin information is important, as the energy barrier depends strongly on spin, with the reaction being barrierless if both reactants are orthotype and ∆E 1 = 226 K if both are para-type, for example. Thus we calculate the local energy barrier for this reaction as a weighted mean of the ortho/para types in our determination of the reaction rate. Finally, inclusion of the warm fractionation reactions in (iii) did not change our results.
To keep the network relatively chemically simple and transparent, we set out to form only singly deuterated water, HDO. In the gas phase, deuterium enrichments are driven by ion-neutral reactions with H 2 D + , where H 2 D + reacts with oxygen, eventually leading to H 2 DO + , which can recombine with charged grains and electrons ∼ 25% of the time to form water (the rest of the time it goes to OH and either H or H 2 ). On the grain surfaces, HDO forms by subsequent hydrogenation of oxygen ice (48, 56) . Oxygen does not need to be "permanently" bound to the surface but simply needs to stay on the surface long enough for a hydrogen to adhere to a grain, sweep out the grain surface, and react with the heavier molecule (in this case, oxygen), which remains largely stationary.
Binding Energies
For most species, we assume the same binding energies for deuterated and main isotopologues. One exception is that we assume the surface binding energy of physisorbed deuterium is slightly higher ( Another grain-surface facet of this study is a new treatment of the CO binding energy. CO is the second most abundance molecular volatile after H 2 , and has been well studied in its binding properties on various substrates (26, 58, 59) . The specific binding energy of CO to a substrate depends on the surface composition, namely if it is coated in water, CO, or CO 2 ices, or bare. The CO on CO binding energy was determined to be E b = 855 K (58), corresponding to a dust temperature of T d ∼ 17 K. However, in regions of the disk close to and above this temperature, the surface seen by freshly adsorbed CO molecules will be predominantly non-CO by construction. Again, because we do not track individual ice mantles nor their multilayered structure, we approximate the binding surface based upon the local temperature. At dust temperatures below T d < 25 K, the ice will be primarily CO-dominated, and thus we adopt a binding energy of E b = 855 K. Between T d = 25 − 50 K, approximately corresponding to temperatures between the freeze-out temperature of CO 2 down to that of CO, the ice mantle will be primarily CO 2 . CO 2 is a gas-and grain-surface product that readily proceeds in our chemical models in the presence of free oxygen or hydroxyl radicals. At temperatures exceeding the freeze-out temperature of CO 2 , T d > 50 K, the mantle will be primarily water ice, and above the water ice freeze-out temperature of T ∼ 100 K, the grains will be mostly bare. The increased binding energy for CO on H 2 O has been previously recognized (26, 59), however the consideration of CO 2 on CO is a new facet in the present study.
The relative binding energies of pure CO, CO on CO 2 ice and CO on H 2 O ice were explored using temperature programmed desorption experiments of pure CO ice and thin CO layers on (Thermionics RNN-400) that allows 360 degree rotation of the CsI substrate inside the chamber without breaking the vacuum during the experiment. The CsI substrate is mounted onto the nickel-plated OHFC copper sample holder using silver gaskets for good thermal contact. A 50 ohm thermofoil heater is connected to the cryocooler tip so that the temperature of the substrate can be varied between 12 − 350 K. The temperature of the substrate is controlled and monitored by a cryogenic temperature controller (Lake Shore Model 335) using two calibrated silicon diode sensors (accuracy of ±0.1 K), one connected directly to the sample holder and the other near the heater element. During heating, the temperature is increased using a linear heating ramp controlled by a positive feedback loop set using the Lake Shore 335 temperature controller.
Ices were grown onto the sample window using vapor deposition along the surface normal using de-ionized and freeze-thaw purified water, and high-purity CO and CO 2 gas (> 99% purity guaranteed, which was confirmed by mass spectrometric measurements). The individual ice layer thicknesses were estimated from the deposition time and pressure and then quantified using transmission infrared spectroscopy using a Vertex 70v spectrometer with a liquid nitrogen cooled MCT detector and literature absorption coefficients (61) . In the presented experiments the pure CO ice is 16 monolayers (ML), the layered CO/CO 2 ice is 2/51 ML and the layered CO/H 2 O ice is 3/46 ML. That is, in each experiment the ice thickness is sufficient to ensure that the underlying substrate is not affecting the desorption energies, and the top CO layers are thin enough that interactions with the underlying CO 2 and H 2 O ices should dominate the desorption temperature of CO.
Following deposition, the ices were heated up using a linear 1 K/min heating ramp and the desorption rate of CO was monitored using a Pfeiffer quadrupole mass spectrometer (QMG 220M1, mass range 1-100 amu) positioned 40 mm of the CsI substrate. The resulting Temperature Programmed Desorption spectra are shown in Fig. S5 . Qualitatively, the desorption peaks of pure CO, CO 2 and H 2 O are clearly separated. The desorption rate of CO peaks at 28.5 K, the CO/CO 2 rate at 37 K, and the CO/H 2 O at 44 K. The pure CO and CO/H 2 O desorption behavior is consistent with previous studies (58, 60) . The binding energy in Kelvin can be estimated from the peak position (62), by multiplying the peak desorption rate temperature by 30. This yields binding energies of 855, 1110, and 1320 K for CO-CO, CO-CO 2 and CO-H 2 O, respectively.
Observe that this is a rather crude estimate and should mainly be used to constrain the relative binding energies of these three systems, while more experiments and more detailed modeling is required to set the absolute scale.
Chemical Model Tests
In our use of simplified deuterium network, there is concern that we may miss essential lowlying reactions that contribute over the duration of the chemical calculations or act in combination with a handful of other slow reactions that may impact our results. To test this hypothesis,
we have extracted the physical parameters (Table S2) Table S3 , where both models start with the same set of initial conditions (Table S1 ). For the most part the models are in good agreement, especially regarding the low D/H predicted for water, though some differences do exist. The disparity in
is a consequence of different assumptions for the reaction rates, where we have included the ortho-to-para spin information in the calculation of the rate coefficients (54) . In the B-model, E b = 124 K is assumed at both points. The H 2 D + /H + 3 ratio in both cases is not directly imprinted into the water as a consequence of the oxygen being trapped in water, CO, and CO 2 ices and not available for new water chemistry, and thus the conclusion of little deuteration of water holds.
Further Considerations
In the present section we compare how our choice of model parameters impacts the primary results of this paper. To compare the main paper results to a model with GCRs fully present Another component of our study was that we initiated the chemistry with all oxygen as gas-phase CO and water ice (Table S1) Thus we find that regardless of initial oxygen abundances, chemical model assumed, and density structure, it is very difficult for disk chemistry alone to produce a significant amount of deuterated water ice (or perhaps any water ice) in the bulk gas at the outer disk, even at the VSMOW level, and thus the deuterium in water must have an interstellar heritage that has been since mixed down with warm deuterium-poor water to the values measured today. Consequently, the survival of deuterium enrichments originating from interstellar ices will depend upon processing during the initial disk formation (15, 16) and the efficiency of mixing in the solar nebula between the active surface and the inert midplane, in addition to radial mixing with the warm inner ( 3 AU) disk. Figure S1: Disk model assumed. Panels are: a) gas density, b) dust density, c) dust temperature, d) gas temperature, e) spectrally integrated X-ray flux, f) spectrally integrated continuum far UV flux. In panels c) and d) red and white lines delineate T = 100 K and T = 17 K respectively. Figure S2 : Temperature programmed desorption spectra of pure CO, CO desorbing off a CO 2 ice, and CO desorbing of an amorphous H 2 O ice. The desorption rates have been scaled to a unity peak desorption rate for visibility. + is substantially higher owing to the cold gas contribution to the column. The D/H in water remains low, however, due to a lack of freely available oxygen for water reformation. Plot labels are the same as for Fig. 3 . Figure S4 : Test case model where we began initially with most of the oxygen (that is not in CO) in gas-phase atomic O, rather than water ice. Water D/H in ices remains low, even when we begin with atomic oxygen due to a lack of ionization. Thus the models are not strongly sensitive to the initial conditions of the oxygen. Plot labels are the same as for Fig. 3 .
Supplementary Figures and Tables
